1. Introduction {#sec1}
===============

1.1. Kidney disease in males and females {#sec1.1}
----------------------------------------

Kidney disease is a public health problem that is associated with high morbidity and mortality. Worldwide, more than 850 million humans suffer from kidney disease \[[@bib1]\]. In the United States, 2.4% of all adults are diagnosed with kidney disease \[[@bib2]\]. Women are largely protected from the development of kidney disease, compared to age-matched men \[[@bib3],[@bib4]\]. However, this female protection is lost when women reach menopause. Despite the protection of the female population against the initiation of kidney disease, the progression of multiple nephropathies displays worst outcomes amongst women, in comparison to men. Data points to estradiol (E~2~) as a central player in the renal protection elicited in females before menopause \[[@bib5],[@bib6]\]. Ample evidence implicates that the mechanisms involved in the initiation and progression of kidney disease are sex dependent. The development of kidney disease is multi-factorial. Compelling evidence points to imbalances in redox signaling as a major player in the etiology of multiple nephropathies \[[@bib7], [@bib8], [@bib9]\].

We herein provide an overview of sex-related differences in redox signaling pathways within the kidney, with emphasis on the contribution of reactive oxygen species and immune-related signaling pathways. Given our expertise in the field of endothelin-1, we highlight the role of this peptide in mediating sex-differences in the renal redox status and renal disease pathophysiology. Moreover, we also discuss sex-related differences in redox signaling that may contribute to the pathophysiology of kidney diseases, including acute kidney injury, diabetic nephropathy, kidney stones, salt-sensitive hypertension, postmenopausal hypertension and preeclampsia.

1.2. Biological factors underlying sex differences in renal physiology and pathophysiology {#sec1.2}
------------------------------------------------------------------------------------------

### 1.2.1. Sex chromosomes {#sec1.2.1}

Male-female differences in the sex chromosomal complement, XX vs. XY, have been poorly studied in the context of kidney diseases. There are some genes on the Y-chromosome that do not have an alternative on the X-chromosome. Mostly, one of two X-chromosomes is silenced in each cell in females. However, X-associated gene dosage may vary due to incomplete silencing of one X-chromosome in females \[[@bib10],[@bib11]\]. More in-depth studies focusing on the impact of male-female differences in sex chromosomal complement on renal physiology and pathophysiology are needed.

### 1.2.2. Sex steroids {#sec1.2.2}

A large body of evidence suggests that sex steroidal hormones are major contributors to sex-differences in the kidney. For example, studies have shown that E~2~ and testosterone are capable of regulating different aspects of renal function \[[@bib6],[@bib12],[@bib13]\]. Testosterone may be a predisposing factor for kidney disease \[[@bib14], [@bib15], [@bib16]\], while on the other hand, E~2~ has been shown to exert renoprotective effects in females \[[@bib6],[@bib16]\]. However, the impact of sex steroids on renal tubular function and renal hemodynamic is not fully understood.

### 1.2.3. Sex steroid receptors in the kidney {#sec1.2.3}

Male and female sex steroids are known to exert their actions mainly via activation of nuclear receptors, which typically facilitate genomic effects. Classic estrogen receptors are classified as two steroidal receptor subtypes; estrogen receptor ERα and ERβ. These receptors function as other steroid hormones in stimulating gene expression, although in recent years, evidence for membrane-associated estrogen receptors has been reported in multiple organs including the kidney \[[@bib17], [@bib18], [@bib19]\]. Androgenic and estrogenic receptor expression have been localized to multiple sites in the renal tubule \[[@bib20]\]. It was shown that androgen receptor mRNA is localized in the proximal tubule and the cortical collecting duct in the rat isolated renal tubule \[[@bib21]\]. Using radiolabeled E~2~, Davidoff et al. demonstrated that labelling resides in proximal tubules cells from the S1 and S2 segments of juxtamedullary nephrons \[[@bib22]\]. Radioactivity was also evident in the collecting duct cells in the inner medullary zone \[[@bib22]\]. Estrogen receptor activation has been shown to elicit nephroprotection \[[@bib23], [@bib24], [@bib25]\]. However, the mechanisms underlying estrogen receptor-mediated renal protection is not completely defined. Of note, activation of ERα, ERβ and G protein-coupled estrogen receptor, GPER, has been shown to exert protective effects by modulating redox signaling pathways \[[@bib23],[@bib26], [@bib27], [@bib28]\].

2. Redox biology {#sec2}
================

2.1. Reactive oxygen species {#sec2.1}
----------------------------

Redox homeostasis is a continuous balance of processes within the cell that can either protect cells, stimulate their growth or promote their death in response to internal or external stimuli. Redox homeostasis is critical to normal physiological function and is maintained by feedback mechanisms involving reactive oxygen species (ROS)/reactive nitrogen species (RNS) and antioxidant signaling. Imbalance of this system can lead to increased oxidative stress, reduced antioxidant signaling, cell death, inflammation and tissue injury ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Overlapping role for reactive oxygen generation (ROS) generation, mitochondrial dysfunction and inflammation in kidney disease pathogenesis.Fig. 1

ROS and RNS are by-products of various enzymatic reactions throughout several cellular compartments (i.e. cytoplasm, peroxisome, endoplasmic reticulum and mitochondria) and serve as signaling molecules \[[@bib29]\]. The proximal oxidant involved in aerobic metabolism is superoxide and is generated by the single electron reduction of molecular oxygen. It is poorly diffusible across the cellular membranes and is transported by anion channels. A number of different enzymes produce superoxide such as lipoxygenases, xanthine oxidases, nicotinamide adenine dinucleotide phosphate (NADPH) oxidases and cyclooxygenases \[[@bib30]\]. Of these, NADPH oxidases (NOX) are one of the most abundant sources of ROS in the cytoplasm \[[@bib31]\]. They typically are dormant within membranes of resting cells and become activated following exposure to inflammatory or microbial stimuli. NADPH oxidases produce superoxide through electron exchange by gp91^phox^, the electron transferase \[[@bib31]\]. NADPH oxidases exist in several isoforms, have heterodimeric subunits and are well known for their role in phagocytosis \[[@bib31]\]. Importantly, these proteins are vital in promoting tissue repair and cell proliferation. Another well-known source of superoxide is the coupling of electron transport during oxidative phosphorylation within the mitochondria, which are essential for cellular metabolism \[[@bib32]\]. Dysfunctional metabolism can lead to the overproduction of ROS and can cause further mitochondrial injury. Mitochondrial ROS production occurs at several sites in the respiratory chain, including complexes I and III and other major sites involving the low molecular weight redox shuttle CoQ \[[@bib32],[@bib33]\].

Superoxide is highly reactive and can quickly transform into other ROS/RNS within the cytosol and mitochondria. Some of these reactive species include hydroxyl radical, peroxynitrite and hydrogen peroxide \[[@bib30]\]. Hydroxyl radical is generated by Fenton reaction of peroxide with Fe^2+^, is highly reactive with cellular compartments and can produce additional free radicals \[[@bib30]\]. Specifically, it can damage proteins and DNA and initiate lipid peroxidation and oxidized lipid products. These products can, in turn, promote cell injury, inflammation and fibrosis. Peroxynitrite is a derivative of superoxide and nitric oxide (NO) and a member of the RNS family. It is one of the most potent oxidants and causes NO to be depleted when it is formed \[[@bib34]\]. NO is produced by three isoforms of nitric oxide synthase (NOS) including NOS1 (also known as neuronal NOS or nNOS), NOS2 (also known as inducible or iNOS) and NOS3 (also known as endothelial NOS or eNOS). All NOS isoforms use [l]{.smallcaps}-arginine, oxygen and other co-factors to produce NO \[[@bib35]\], which is critical for exerting cytoprotective and cytotoxic properties in the cell. Hydrogen peroxide is a non-radical species formed by the rapid dismutation of superoxide. It is the least reactive ROS molecule and can easily cross the cell membranes to influence other nearby cells using its signaling properties \[[@bib36]\].

To combat oxidative stress and regulate redox homeostasis, the cell stimulates the transcription and expression of several key antioxidants such as superoxide dismutases (SODs), glutathione peroxidase, catalase, thioredoxin, peroxiredoxin and glutathione transferase to modulate oxidative stress \[[@bib33],[@bib37]\]. Of these antioxidants, both SODs and glutathione are the most abundant. SODs are found throughout the cell and exist in three different isoforms: copper-zinc-containing SOD (CuSOD), manganese-containing SOD (MnSOD) and the extracellular SOD (ecSOD). Glutathione is a small thiol located in the cytosol and is synthesized by the cell to protect against hydrogen peroxide-mediated oxidative damage and toxicity. It plays an important role in regulating cell death within the mitochondria and cell division in the nucleus \[[@bib38]\]. Taken together, it is critical for all of these chemical processes to be properly orchestrated and balanced in order to maintain cell viability, activity and function.

2.2. Redox biology and sex differences in the kidney {#sec2.2}
----------------------------------------------------

Oxidative stress is associated with aging, cancer, neurodegenerative diseases and cardiovascular diseases such as hypertension and atherosclerosis \[[@bib39], [@bib40], [@bib41]\]. A number of animal and human studies characterizing the role of ROS/RNS in kidney injury and disease progression have been reported \[[@bib42], [@bib43], [@bib44]\]. Both sex and oxidative stress have been described to impact renal blood flow \[[@bib45],[@bib46]\].

Primary sources of oxidative stress in the kidney include NADPH oxidases, which are expressed in a regional and cell specific manner. Specifically, NOX1, NOX2, NOX4 and NOX5 have been reported to be expressed in the kidney \[[@bib47]\]. NOX4 is the most abundant based on mRNA levels and is located primarily in the renal cortex \[[@bib31]\]. It actively produces hydrogen peroxide; whereas, the other NOXs primarily generate superoxide \[[@bib47]\]. NOX4 has been shown to stimulate acute kidney injury by inducing ROS \[[@bib48]\] and to induce diabetic nephropathy in female mice \[[@bib49]\].

Another prominent source of oxidative stress in the kidney is the mitochondria. Proximal tubule cells are involved in reabsorption of inorganic solutes, sugars and amino acids and are enriched with mitochondria which makes them highly vulnerable to oxidative stress. Ischemia/reperfusion (I/R) has been thoroughly investigated and has been determined to cause significant injury to renal proximal tubules \[[@bib50]\]. Renal I/R has been shown to increase ROS generation, mitochondrial damage and cell death in both renal proximal tubules and kidneys \[[@bib43],[@bib51],[@bib52]\]. Sex differences have also been reported in renal I/R, where female rats have reduced I/R-induced injury and cell death compared to male rats \[[@bib44],[@bib53]\].

An additional factor that contributes to renal ROS generation are infiltrating immune cells which will be discussed further below. More investigations are needed to delineate sex differences in the role of ROS/RNS under normal and pathological conditions of the kidney.

3. Mediators of sex differences in redox homeostasis in the kidney {#sec3}
==================================================================

3.1. ROS & mitochondria {#sec3.1}
-----------------------

Mitochondria are multifunctional organelles responsible for controlling energy production, cell growth and death \[[@bib54],[@bib55]\]. They are at the center of cell metabolism and directly influence fatty acid oxidation, energy production and oxidant generation (i.e. superoxide) via the coupling of electron transport, oxidative phosphorylation and proton pumping across the inner mitochondrial membrane. Superoxide serves as a signaling molecule and is rapidly converted to hydrogen peroxide within the mitochondria \[[@bib33],[@bib55]\]. In cases where superoxide is not detoxified, additional ROS and RNS are generated. Low levels of NO and superoxide are essential for cytokine and chemokine synthesis and leukocyte adhesion and migration \[[@bib56]\]. However, excessive amounts of superoxide and NO can be toxic and cause damage to mitochondrial proteins and DNA. Ultimately, this can reduce mitochondrial efficiency and induce further ROS generation and pro-inflammatory signaling ([Fig. 1](#fig1){ref-type="fig"}).

Mitochondria are important for synthesizing steroid hormones and a crosstalk occurs between the two for normal physiological function. Specifically, mitochondria produce pregnenolone, a sex hormone that serves as a precursor for testosterone, progesterone, cortisol, estrogen and other hormones \[[@bib57]\]. A decline in circulating sex hormones has been shown to enhance aging in mice and humans \[[@bib58]\] and to be associated with increased coronary heart disease risk and diabetes \[[@bib59],[@bib60]\]. Evidence indicates mitochondrial dysfunction contributes to aging, heart disease, diabetes and other pathologies \[[@bib61], [@bib62], [@bib63]\]. Sex hormones can directly impact mitochondrial function by binding to nuclear receptors. Estrogen directly modulates genes that are important for mitochondrial function such as nuclear respiratory factor-1 and peroxisome proliferator-activated receptor gamma coactivator 1 \[[@bib64],[@bib65]\]. These two genes are critical for mitochondrial respiration and mitochondrial biogenesis, a process that stimulates additional mitochondria in response to stress. It has been determined that mitochondrial activity, ROS generation and antioxidant activity are different in mitochondria from the heart and brain of male and female mice \[[@bib66]\]. Sex-specific alterations have also been observed in renal mitochondria from rats in response to perinatal iron deficiency \[[@bib67],[@bib68]\]. Additionally, women have also been reported to have superior intrinsic mitochondrial respiration in their skeletal muscle compared to men \[[@bib69]\]. Thus, it appears that sex hormones can directly impact mitochondria and may contribute to different mechanisms occurring in both physiological and pathophysiological conditions. Further investigations about the role of sex hormones in the kidney are needed and could help explain the differences observed in the progression of kidney disease between the sexes.

3.2. Inflammation {#sec3.2}
-----------------

Renal disease and injury can cause excessive ROS generation from renal endothelial cells and mesangial cells. This subsequently leads to activation of the innate and adaptive immune response and the release of pro-inflammatory cytokines and chemokines including chemokine (C--C motif) ligand 5 (CCL5 or RANTES), intercellular adhesion molecule-1 (ICAM-1), colony stimulating factor-1 (CSF-1) and monocyte chemoattractant protein-1 (MCP-1) \[[@bib70]\]. These signaling molecules recruit leukocytes to the kidney and this causes an enhanced pro-oxidant and pro-inflammatory cellular environment. Two key leukocyte types involved in this process are macrophages and neutrophils. These cells are critical to innate immunity and play an integral role in resolving inflammation. Once present in the kidney, macrophages and neutrophils release additional cytokines such as tumor necrosis factor-ɑ (TNF-ɑ) and interleukin-1β (IL-1β) (pro-inflammatory cytokines) and elicit a respiratory burst \[[@bib71],[@bib72]\]. The respiratory burst is a process where ROS (i.e. superoxide and hydrogen peroxide) are produced once large quantities of oxygen are consumed. Mitochondria play an important role in regulating inflammation within monocytes and macrophages using ROS signaling \[[@bib29],[@bib73], [@bib74], [@bib75]\]; whereas, NADPH oxidases predominately play a role in generating ROS in neutrophils to promote defense against inflammation and infection \[[@bib76]\].

Monocytes are derived from myeloid cells and can differentiate into macrophages once they enter into tissue \[[@bib77]\]. Chronic over-production of mitochondrial ROS by the electron transport chain can cause oxidative stress \[[@bib29]\] through reverse electron transport which occurs when electrons flow backwards through complex I \[[@bib78]\]. Reverse electron transport is critical for macrophage metabolic reprograming and activation \[[@bib79]\]. Importantly, elevated ROS production can negatively impact monocyte and macrophage function in atherosclerosis, diabetes, acute and chronic kidney disease \[[@bib62],[@bib75],[@bib80],[@bib81]\].

Neutrophils are the most abundant leukocyte in the circulation and are a part of both innate and adaptive immunity. The sources of reactive species in neutrophils are due to NADPH oxidases as described above. Additionally, these cells have a limited number of mitochondria that do not respire at elevated rates. However, neutrophil mitochondria have been shown to participate in apoptosis \[[@bib82]\]. It has been reported that neutrophil cell counts are higher in women compared to men \[[@bib83]\] and their morphology is different among the two cohorts \[[@bib84]\]. However, postmenopausal women tend to have lower neutrophil cell counts \[[@bib85]\]. A recent study by Pace et al. showed that sex directly impacted biosynthesis of prostaglandins and leukotrienes, which are lipid mediators of inflammation in humans and mice \[[@bib86]\]. This suggests that sex hormones may diminish the impact of the immune system. Damage to circulating monocytes, macrophages or neutrophils by oxidative stress could impact other cells and tissues and create a pro-oxidant and pro-inflammatory milieu throughout the body. As a result, these responses can cause deleterious outcomes such as fibrosis and tissue injury, two of the hallmarks of kidney disease. A better understanding of the effects of sex on the different components of the redox pathways in the kidney will undoubtedly lead to new therapeutic approaches for kidney disease.

3.3. Endothelin-1 signaling in the kidney {#sec3.3}
-----------------------------------------

Endothelin-1 (ET-1) is the most potent vasoactive factor produced by the human body. It consists of a 21 amino acid-long sequence that acts through activation of two G protein-coupled receptors: the ET~A~ and ET~B~ receptors. Although ET-1 was first described as a product of endothelial cells \[[@bib87]\], we now know that other cell types, for instance renal tubular epithelial cells \[[@bib88]\], cardiomyocytes \[[@bib89]\] and immune cells \[[@bib90]\] also synthesize ET-1. Nonetheless, the kidney is the organ that contains the highest concentration of ET-1, especially in the inner medullary collecting duct \[[@bib91]\]. Activation of ET~A~ and ET~B~ receptors triggers very different physiological and pathophysiological actions. Within the kidney, overactivation of the ET~A~ receptor results in renal hypertrophy, inflammation and fibrosis \[[@bib92],[@bib93]\]. On the other hand, activation of the ET~B~ receptor is associated with clearance of ET-1 from the plasma, regulation of sodium and water excretion and release of vasodilators such as NO and prostaglandins \[[@bib88]\]. The oftentimes opposite actions of these two receptors may be related to their different location within the kidney. Within the renal vasculature, ET~A~ receptors are prominently located in the vascular smooth muscle cells in the afferent arterioles, while the vascular endothelial and smooth muscle cells of the efferent arterioles are enriched in ET~B~ receptors. The vasa recta capillaries also contain ET~B~ receptors, whereas ET~A~ receptors are expressed in the pericytes. Glomeruli predominantly express ET~A~ receptors, especially in mesangial cells and podocytes. The renal tubules, on the other hand, majorly express ET~B~ receptors, although there is a small presence of ET~A~ receptors in proximal and distal tubule \[[@bib88],[@bib94]\].

Cardiovascular diseases like heart failure, vascular disease, hypertension, renal disease and diabetic nephropathy are associated with an upregulation of the ET-1 system, and in particular, ET~A~ receptor activity \[[@bib95]\]. Within the kidney, dysfunction and over-activation of the ET-1 system results in renal disease, probably due to an unbalanced ET-1 receptor activity ([Fig. 2](#fig2){ref-type="fig"}). For instance, proteinuria and podocyte damage have been attributed to elevated ET-1 levels and exaggerated activation of ET~A~ receptors has been described in different renal diseases associated with hypertension \[[@bib96]\], sickle cell disease \[[@bib97]\] and diabetes \[[@bib96]\]. Similarly, overexpression of ET-1 in transgenic animals leads to progressive kidney damage \[[@bib98]\]. ET-1 also plays a critical role in the development of tubulointerstitial damage \[[@bib99]\], as well as the tubular injury associated with ischemia reperfusion, sepsis-induced acute kidney injury \[[@bib100]\] or polycystic kidney disease \[[@bib99]\]. Importantly, the use of specific antagonists against ET-1 receptors retards the development of these renal diseases, emphasizing the significant role of the ET-1 system in the progression of renal disease.Fig. 2Proposed scheme for the impact of the female sex on the crosstalk between endothelin-1 and oxidative stress in the kidney.Fig. 2

### 3.3.1. Crosstalk between ET-1 and oxidative stress {#sec3.3.1}

Activation of the ET-1 signaling system generates ROS via the NADPH oxidase \[[@bib101]\]. Notably, the role of ROS is well-recognized as an activator of the immune system activation and it plays a central role in kidney-related disease, including hypertension. A dialog between ET-1 and oxidative stress is evident, as depicted in [Fig. 2](#fig2){ref-type="fig"}. As ET-1 can evoke oxidative stress, ET-1 levels increase in response to oxidative stress \[[@bib102],[@bib103]\]. It has also been shown that oxygen-derived free radicals generated by xanthine oxidase stimulate the mRNA expression of preproET-1 and big ET-1 in cultured human umbilical vein endothelial cells via activation of the preproET-1 promoter \[[@bib103]\]. An earlier study also revealed an upregulation of prepro-ET-1 mRNA in endothelial cells from ovariectomized pigs, compared to gonadally-intact males or females, suggesting that ovarian hormones regulate prepro-ET-1 at the transcriptional level \[[@bib104]\]. In addition, overactivation of the ET-1 system evokes the endoplasmic reticulum stress response renally and extra-renally \[[@bib105],[@bib106]\]. In particular, overstimulation of the ET~A~ receptor leads to renal endoplasmic stress and apoptosis, whereas activation of the ET~B~ receptor has protective effects \[[@bib106]\]. The bi-directional relationship between ET-1 and redox signaling pathways in the kidney is not completely understood.

### 3.3.2. Sex differences in the renal ET-1 system {#sec3.3.2}

ET-1 is among the putative mediators of sex difference in the development of cardiovascular and kidney disease. There are differences in the renal expression of ET-1 receptors between the sexes, with males presenting an increased expression of ET~A~ receptor in the inner medullary collecting duct compared to females \[[@bib107]\] as illustrated in [Fig. 2](#fig2){ref-type="fig"}. This observation suggests that males have an exaggerated ET~A~ receptor activation in this part of the nephron, and, thus are more sensitive to kidney damage in response to an insult such as increased salt consumption. It was also demonstrated that when ET-1 is infused into the renal inner medulla, female rats do not decrease the blood flow in the renal medullary region as much as male rats do \[[@bib108]\], which could be one of the mechanisms by which males develop exaggerated kidney damage.

Sex hormones regulate the ET-1 system, although mechanistic studies in this field remain scarce. In the setting of ischemic acute renal injury, E~2~ was shown to decrease the production of ET-1 in the kidney and, therefore, prevents the development of the associated renal injury \[[@bib109]\]. Others also reported that the increased ET~A~ expression observed in the kidney during mouse pregnancy is mediated by progesterone \[[@bib110]\]. Ovariectomy increases the expression of ET~A~ and ET~B~ receptors in the inner medulla of the kidney \[[@bib111]\]. This effect was reversed by supplementation of ovariectomized (OVX) rats with E~2~ \[[@bib111]\]. Additionally, renal cortical ET~A~ and ET~B~ receptor expression is attenuated by ovariectomy and this reduction was prevented in E~2~-treated OVX rats \[[@bib111]\]. On the other hand, the interaction between androgens and the ET-1 system is controversial in the literature. Some studies suggest that androgens stimulate the production of ET-1 in the kidney, inducing vasoconstriction and leading to renal injury and fibrosis \[[@bib112]\]; these effects seemed to be attenuated after castration \[[@bib113]\]. More research is needed in order to get a better understanding of the relationship between sex hormones and the renal ET-1 system.

4. Redox homeostasis during acute and chronic kidney disease {#sec4}
============================================================

Redox homeostasis has been shown to be altered in a variety of renal diseases in both experimental animal models and clinical trials. In this section, we discuss the role of sex and/or sex hormones and imbalances in renal redox homeostasis signaling pathways in the pathogenesis of acute kidney injury, diabetic nephropathy, kidney stone disease, salt sensitivity, pre-eclampsia and postmenopausal hypertension.

4.1. Acute kidney injury {#sec4.1}
------------------------

Acute kidney injury (AKI) is a complex clinical syndrome that involves a sudden onset loss of kidney function and causes significant morbidity and mortality \[[@bib114]\]. Emerging data reveal that mitochondrial dysfunction and oxidative stress are major players in the genesis of the deleterious cellular events in AKI, suggesting that intervening within these pathways may offer potential therapeutic targets for AKI \[[@bib115], [@bib116], [@bib117]\]. Given the hypoxia and ischemia evident in renal injury, the role of ROS in AKI pathogenesis has been extensively examined. Enhanced ROS generation during the reperfusion stage triggers mitochondrial DNA damage, apoptosis and lipid peroxidation \[[@bib118],[@bib119]\]. Earlier studies revealed that treatment with superoxide dismutase prior to renal ischemia prevents increased mitochondrial lipid peroxidation in the renal cortex \[[@bib119]\]. The potential role for antioxidants in the management of AKI has been previously investigated \[[@bib120]\].

Extensive evidence suggests that the female sex is protective against AKI in ischemic animal models \[[@bib121], [@bib122], [@bib123]\]. In contrast, other studies have shown that the female sex is a predisposing risk factor in drug-induced AKI \[[@bib124], [@bib125], [@bib126]\]. Despite the vast amount of literature highlighting gender-related differences in AKI incidence, progression and outcomes, the underlying mechanisms remain to be identified. Studies demonstrate that E~2~ elicits protective actions in ischemic renal injury \[[@bib121],[@bib122],[@bib127]\], while testosterone plays a central role in predisposing males to ischemic renal injury \[[@bib122]\]. Additional studies focused on identifying the contribution of sex hormonal receptors and sex chromosomes in AKI initiation and progression are required.

Despite our current knowledge that mitochondrial bioenergetics and oxidative stress play critical roles in AKI pathophysiology, the contribution of mitochondrial dysfunction to gender differences in AKI pathophysiology is not fully defined. Of note, sex differences in mitochondrial number, morphology, biogenesis and bioenergetics occur in renal \[[@bib67],[@bib68]\] and non-renal tissues \[[@bib66],[@bib69],[@bib128]\]. Pan and Sheikh-Hamad have recently comprehensively reviewed current advances in sex-specific alteration in mitochondrial function that relates to AKI \[[@bib116]\]. Overall, evidence suggests differences exists between males and females in mitochondrial biology and ROS generation. Further studies are required to determine the contribution of mitochondrial dysfunction and ROS in male-female differences in AKI.

4.2. Diabetic nephropathy {#sec4.2}
-------------------------

Diabetes is a multifactorial metabolic disease that impacts approximately 9.4% of the U.S. population and is steadily becoming more prevalent worldwide \[[@bib129]\]. The high prevalence of this disease is due to sedentary lifestyles, poor diet intake and increased metabolic diseases such as obesity and cardiovascular disease. Diabetes elicits systemic effects and accelerates the development of secondary complications such as high blood pressure, stroke, neuropathy retinopathy and diabetic nephropathy (DN) through excessive ROS production \[[@bib130],[@bib131]\]. About 30--40% of diabetic patients develop kidney disease and about one third of them progress to DN \[[@bib132]\], which is the leading cause of end-stage kidney disease. Because of this, DN is associated with substantial healthcare costs \[[@bib133]\]. Key clinical identifiers of DN progression include albuminuria and renal mesangial expansion in the glomeruli, tubular hypertrophy, interstitial fibrosis and immune cell infiltration \[[@bib134]\].

Sex differences play a critical role in the progression of DN in clinical and pre-clinical studies. Men with diabetes have been reported to have a higher risk for DN compared to women with diabetes \[[@bib135]\]. However, diabetic women over 60 years of age tend to have a higher risk for DN compared to men \[[@bib136]\]. These differences are thought to be associated with reduced endogenous E~2~ levels \[[@bib137]\]. Sex differences have also been observed in DN progression to chronic kidney disease (CKD) and end stage renal disease. In general, women have a higher incidence for CKD compared to men; however, CKD progression is worse in men \[[@bib6]\]. The reasons for these sex differences are not fully elucidated but appear to be influenced by sex hormones. These clinical studies amongst many others suggest sex hormones play a vital role in the progression of DN and are elegantly reviewed elsewhere \[[@bib138],[@bib139]\].

Pre-clinical models have provided some additional evidence of sex differences during DN. Streptozotocin induction (STZ model) and Akita mice are widely accepted type 1 diabetes animal models and the db/db mouse model, Zucker diabetic fatty rats and Wistar fatty rats are common type 2 diabetes models \[[@bib140]\]. A large proportion of research in this area has consisted of using male mice rather than females to understand DN pathogenesis and for drug development \[[@bib141]\]. Female rodents are not typically included in many of these studies because they are especially resistant to the development of hyperglycemia, as well as the associated diabetic kidney disease. Female sex hormones are thought to be protective against DN, although the mechanisms involved in this protection are far from being understood. Interestingly, a recent study determined that male and female mice that lack nitric oxide synthase 3 develop diabetes equally and this model may be useful to study DN in both sexes \[[@bib142]\].

ROS generated from NOXs and the mitochondria are elevated during diabetes and contribute to inflammation and disease progression \[[@bib143]\]. Studies have investigated whether targeting such sources of ROS during diabetes could be useful to ameliorate the associated renal injury. A study by Zheng et al. showed that oxidative stress in the kidneys of animals with type 1 diabetes induced *via* STZ can be attenuated by dietary compounds through activation of the anti-oxidant actions of nuclear factor E2-related factor 2 (Nrf2) \[[@bib144]\]. Additionally, replacement of E~2~ in ovariectomized diabetic rats induced with STZ reduced oxidative stress in the kidney by preserving glutathione redox cycling \[[@bib145]\]. Other research groups using animal models of type 2 diabetes determined that reducing oxidative stress by antioxidants confers protection against DN \[[@bib146],[@bib147]\].

Although sex differences are known to be involved in the processes contributing to DN, additional pre-clinical models and larger, prospective, randomized clinical studies examining both sexes are essential to better understand the progression of DN in both genders. Another topic of interest is to understand why renoprotective effects are reduced in diabetic women compared to women diagnosed with other renal diseases. Identifying the cause of such differences could be useful to design therapeutic targets.

4.3. Kidney stone disease {#sec4.3}
-------------------------

Kidney stones are hard, mineral deposits that form in the urinary tract due to elevated urine supersaturation which leads to urinary crystal formation, retention and growth. Kidney stones affect 1 in 11 people in the United States \[[@bib148]\]. Kidney stones are more prevalent in men (10.6%) compared to women (7.1%) \[[@bib148]\] and the reason why this occurs is not well defined, although E~2~ has been suggested to be protective against kidney stones in women \[[@bib149]\]. However, recent data show women are starting to experience kidney stones more frequently and this may be a result of reduced fluid intake and increased dietary changes and obesity \[[@bib150],[@bib151]\]. Tundo et al. recently reported this gender disparity is diminishing primarily in adults under fifty in the United States \[[@bib152]\]. However, the incidence of kidney stones continues to be higher in postmenopausal women \[[@bib153]\].

The most common type of kidney stone is found in men and women and is composed of calcium oxalate (CaOx) crystals. Stones primarily comprised of calcium phosphate (\>50%) occur more frequently in women than men \[[@bib154]\]. Irrespective of stone composition, approximately 50% of stone formers experience another stone episode within 5 years \[[@bib155]\]. The etiology of kidney stones and the mechanisms leading to recurring stones are not well established. Lifestyle factors, genetics and high oxalate diets are all contributors to stone pathogenesis \[[@bib148],[@bib156], [@bib157], [@bib158]\]. Stone formers also are at risk for developing chronic kidney disease, diabetes and cardiovascular diseases \[[@bib159], [@bib160], [@bib161], [@bib162]\]. Gillen et al. found women with kidney stones have elevated hypertension compared to male stone formers and healthy females \[[@bib163]\].

Several experimental and clinical studies have suggested oxidative stress and inflammation are integral factors in kidney stone pathogenesis \[[@bib164], [@bib165], [@bib166], [@bib167], [@bib168], [@bib169], [@bib170], [@bib171], [@bib172], [@bib173], [@bib174], [@bib175]\]. This is important to highlight because both oxidative stress and inflammation stimulate metabolic dysfunction and cell death. Renal cells exposed to CaOx crystals or oxalate have increased superoxide generation from NADPH oxidases \[[@bib176]\] and also induce expression of MCP-1 (chemokine that recruits monocytes), Interleukin-2R (IL-2Rβ) receptor (receptor for pleiotropic cytokine, IL-2) and IL-6 (pro-inflammatory cytokine) \[[@bib173],[@bib177], [@bib178], [@bib179]\]. CaOx crystals have also been shown to increase IL-1β secretion and alter mitochondrial protein levels in immune cells \[[@bib172],[@bib180]\]. It was recently reported that oxalate disrupts cellular energetics and redox status in a human monocytic cell line and primary monocytes from healthy subjects \[[@bib181]\]. Patel et al. also found that CaOx crystals suppressed cellular energetics and reduced glutathione levels and MnSOD protein levels in monocytes \[[@bib181]\]. Khan et al. examined the impact of renal crystal deposition on oxidative stress and inflammation in male rats fed a hydroxyproline diet \[[@bib182]\]. The authors determined that the presence of renal crystals caused superoxide generation via NADPH oxidase and upregulation of crystallization modulators, such as osteopontin, in renal tissue. These findings were reversed when animals were fed apocynin, a NAPDH oxidase inhibitor. Of note, the androgen receptor has been found to promote crystal formation by inducing NADPH oxidases and oxalate synthesis \[[@bib183]\]. Taguchi et al. used colony stimulating factor-1-deficient mice to determine anti-inflammatory macrophages play an important role in renal crystal formation during hyperoxaluria \[[@bib184]\]. A study by Fan et al. used both male and female stone forming rats to examine the role of sex hormones \[[@bib185]\]. They found that implanting rats with E~2~ mitigated crystal deposition after ethylene glycol exposure and suggested that E~2~ decreased urinary oxalate. Another study suggested that E~2~ exerts protective effects against CaOx crystal injury in renal cells by altering the cellular proteome \[[@bib24]\]. These findings suggest E~2~ may be an important factor in stone disease.

As indicated earlier, men tend to form kidney stones at a higher rate than women. A potential reason why this occurs may be due to the interaction between sex hormones and immune system. It has been well established that immune response differs among men and women \[[@bib186]\]. Further, immunity can be impacted by obesity and diet, which are both associated with stone formation and may be impacted by gender \[[@bib187]\]. Obesity and diet could reduce the ability of leukocytes to respond to crystal growth in the kidney. Clinical studies have reported patients with kidney stones have increased pro-inflammatory cytokines and chemokines in their serum and urine \[[@bib169], [@bib170], [@bib171]\]. Williams et al. demonstrated that monocytes from CaOx stone formers have reduced cellular energetics compared to healthy subjects \[[@bib188]\]. It was recently established that CaOx crystals differentiates human monocytes into pro-inflammatory macrophages \[[@bib189]\]. Pro-inflammatory gene expression has been shown to be elevated in papillary tissue from Randall plaques of CaOx stone formers and was suggested to contribute to oxidative stress and renal injury \[[@bib190]\]. It would be interesting to examine such responses in men versus women and to compare responses in stone formers compared to healthy individuals.

Taken together, understanding the interplay between oxidative stress and inflammation in kidney stone disease is necessary to develop strategies to prevent stone formation and to reduce the development of secondary complications in patients. Importantly, evaluating how sex hormones influence the immune system and inflammatory responses leading to this pathology warrants further investigation.

4.4. Salt sensitivity {#sec4.4}
---------------------

The kidney plays a fundamental role in the regulation of blood pressure and sodium homeostasis through the pressure-natriuresis mechanism. Multiple studies revealed that many renal regulatory mechanisms that contribute to the maintenance of blood pressure and sodium balance are sex specific. Compelling evidence indicates that oxidative stress is a major contributor to the development of multiple forms of hypertension \[[@bib191]\]. In addition, activation of the immune system is involved in the development of hypertension \[[@bib192]\]. Some individuals can efficiently excrete a high salt intake, while others cannot do so effectively without an increase in blood pressure. The latter are referred to as salt sensitive subjects \[[@bib193]\]. The kidneys are equipped with an enormous capacity to handle dietary salt challenges, however dysfunction of the kidney to maintain sodium balance will lead to the development of salt-sensitive hypertension.

Sexual dimorphism exists in the renal response to high salt. Female rats exhibit a more rapid natriuretic response to an acute intraperitoneal saline load \[[@bib194]\]. Similarly, the urinary excretion of salt was higher in women than men injected with an intravenous saline load \[[@bib195]\]. These studies suggest that the female kidney has an enhanced capacity to handle salt challenges compared to males.

Improving our understanding of the impact of male and female sex steroids on renal sodium handling and renal hemodynamics is critical to better understand sex differences in salt sensitivity. Depletion of ovarian hormones by ovariectomy potentiated salt-induced elevation in blood pressure in Dahl salt sensitive female rats \[[@bib196]\]. Castration resulted in a more pronounced decline in the hypertensive response to salt loading in male Dahl salt-sensitive rats \[[@bib197]\]. These studies suggest an inhibitory role for ovarian hormones and a facilitatory role for androgenic hormones in salt sensitivity in this animal model. In female rats treated with salt and deoxycorticosterone (DOCA), there was an increase in oxidative stress level in the kidney \[[@bib198]\]. Renal malondialdehyde (oxidant) level was elevated in DOCA-salt treated rats \[[@bib198]\]. Treatment with E2 resulted in a decrease in malondialdehyde level in the kidney from female rats \[[@bib198]\]. GPER, which mediated rapid estrogenic signaling, has been shown to elicit cardiovascular and renal protective effects in salt-induced complications. Lindsey et al. have shown that GPER activation attenuated renal tubular oxidative stress in salt-sensitive mRen2 female rats \[[@bib23]\], a transgenic rat model expressing the murine Ren2 gene which quickly develops hypertension. Urinary excretion of the lipid oxidation marker 8-isoprostane was declined by chronic GPER activation in salt-loaded mRen2 female rats \[[@bib23]\]. Studying sex hormonal and receptor-related differences in the renal response to salt challenges is fundamental to understanding the mechanisms triggering salt sensitivity in males and females.

ET-1 is a well-established natriuretic factor that inhibits tubular reabsorption of sodium. ET-1 natriuretic responses are mediated mainly via activation of ET~B~ receptors and lack of functional ET~B~ receptors results in salt sensitive hypertension \[[@bib199]\]. ET~A~ receptors contribute to ET-1 facilitatory effects on sodium excretions in female rats only \[[@bib108]\]. Despite the large body of evidence pointing to sex differences in ET-1 tubular effects, sex does not impact afferent arteriolar responsiveness to ET receptor activation \[[@bib200]\]. Given that the mechanisms that regulate renal sodium handling are different based on the sex, the therapeutic targets for salt sensitivity should be tailored based on the patient\'s gender.

4.5. Preeclampsia {#sec4.5}
-----------------

Preeclampsia is a complication of pregnancy that is characterized by persistent hypertension, edema and proteinuria. The mechanisms involved in the initiation and progression of preeclampsia are complex and involves many factors. It has been extensively shown in the literature that this pregnancy complication is linked to placental oxidative and nitrosative stresses \[[@bib201], [@bib202], [@bib203]\]. In preeclampsia, oxidative stress markers are increased and antioxidant levels are decreased in the maternal plasma \[[@bib204], [@bib205], [@bib206]\]. Poor perfusion of the fetal placenta elevates lipid peroxidation byproducts, thromboxane and cytokines, which contribute to the endothelial dysfunction observed in preeclampsia \[[@bib202],[@bib203]\]. The endothelium of the maternal kidney is highly affected \[[@bib202]\]. The endothelial-podocyte interplay may be involved in the deterioration of the filtration barrier that contributes to proteinuria in preeclamptic patients \[[@bib207]\].

Patients suffering from renal disease are at a higher risk for developing hypertensive disorders during pregnancy \[[@bib208]\]. Serum creatinine levels were correlated with the risk for preeclampsia \[[@bib208]\]. Preeclampsia predisposes women to AKI with high risk of maternal and fetal morbidity \[[@bib207],[@bib209]\]. Preeclampsia-induced renal injury involves antiangiogenetic factors such as soluble fms-like tyrosine kinase-1 \[[@bib207]\]. The contribution of renal redox mechanisms to the pathogenesis of preeclampsia is still an area of active investigation.

Data suggest that ET-1 contributes to the progression of preeclampsia. Multiple human studies showed that circulating levels of ET-1 are elevated in preeclampsia, compared to normal pregnancy \[[@bib210]\]. In addition, preeclampsia elevates ET-1 level in the umbilical vein \[[@bib211]\]. Both placental and renal ET-1 levels are increased in experimental models of preeclampsia \[[@bib212]\]. Besides, ET-1 receptor signaling is altered in preeclampsia. Animal studies showed that ET~A~ receptor antagonism completely abolished sFlt-1-induced hypertension in pregnancy \[[@bib213]\]. Previously preeclamptic women exhibit ET~B~ receptor dysfunction in their cutaneous vessels postpartum \[[@bib214]\].

Importantly, it has been shown that ET-1 evokes oxidative stress in preeclampsia ([Fig. 3](#fig3){ref-type="fig"}) \[[@bib215],[@bib216]\]. In human placenta, ET-1 increased malondialdehyde (oxidant) and decreased glutathione, glutathione disulfide and ascorbic acid (antioxidants) \[[@bib217]\]. ET-1-induced oxidative stress can act as a positive feedback loop to generate more ET-1 \[[@bib216]\]. ET-1-induced imbalance between the oxidant and antioxidant forces in preeclampsia setting provides a potential target for therapeutic intervention.Fig. 3Proposed scheme for the involvement of endothelin-1 (ET-1) and reactive oxygen generation (ROS) in the development of preeclampsia.Fig. 3

Recent data suggest that placental endoplasmic reticulum stress contributes to the pathogenesis of hypertensive pregnancy \[[@bib218]\]. Moreover, ET-1 has been shown to induce endoplasmic reticulum stress in preeclampsia \[[@bib105]\]. ET-1 acts via ET~B~ receptor to activate phospholipase C pathway and facilitate the release of calcium from endoplasmic reticulum, thereby triggering endoplasmic reticulum stress \[[@bib105]\]. Collectively, ET-1-induced oxidative and endoplasmic reticulum stress may present the link between the maternal syndrome of preeclampsia and renal injury.

4.6. Postmenopausal hypertension {#sec4.6}
--------------------------------

Premenopausal women have lower incidence of hypertension that men at similar age. In postmenopausal women, blood pressure rises to levels that are higher than those in age-matched men. It has been also shown that the prevalence of salt sensitivity increases after menopause \[[@bib219]\]. While the lack of E~2~ as a contributing factor in the development of postmenopausal hypertension seems likely, this is most likely not the only component underlying the pathogenesis of postmenopausal hypertension.

In postmenopausal women, the circulating levels of oxidative stress markers increase as menopause proceeds \[[@bib220],[@bib221]\]. The longer the time elapsed after menopause, the lower the plasma levels of glutathione peroxidase \[[@bib220]\]. Chronic treatment of post-cycling female spontaneously hypertensive rats with the antioxidant vitamins, E and C, reduces hypertension \[[@bib222]\], suggesting that oxidative stress contributes to the development of postmenopausal hypertension. Of note, the urinary excretion of 8-iso-prostaglandin F (2α), a major isoprostane and a biomarker for oxidative stress, was lower in premenopausal women compared with postmenopausal women \[[@bib221]\].

Studies suggest that ET-1 contributes to the progression of postmenopausal hypertension. Plasma ET-1 levels increase after menopause and may contribute to hypertension and cardiovascular disease in postmenopausal women \[[@bib223],[@bib224]\]. In comparison to young women, ET~B~-mediated vasodilatory function is attenuated in postmenopausal women \[[@bib225]\]. In aged female spontaneously hypertensive, a model of postmenopausal hypertension, ET~A~ receptor antagonism induced an additional decrease in blood pressure, compared to the combined antihypertensive effect of angiotensin converting enzyme inhibitor and arachidonic acid metabolism inhibition \[[@bib226]\]. Ovariectomy, a surgical model of menopause, and hormone replacement have been shown to regulate ET~A~ and ET~B~ receptors mRNA expression in renal cortical and medullary tissues \[[@bib111]\].

In response to high salt, ET-1 is released within the kidney to prevent tubular reabsorption of sodium. Infusion of a salt load to the renal medulla evokes a natriuretic response that is mediated via ET~A~ and ET~B~ receptors in male and OVX female rats \[[@bib227],[@bib228]\]. In contrast, the natriuretic response to medullary salt loading in intact female rats is ET-1 independent \[[@bib227]\]. These studies highlight that the ET-1 signaling system in the medulla of the kidney has a more important contribution to salt excretion in OVX rats, in comparison to intact female animals. Altogether, data from human and animal studies point to the ET-1 and redox signaling pathways as potential therapeutic targets to manage hypertension in postmenopausal women.

5. Future directions {#sec5}
====================

Despite the release of the NIH Revitalization Act which requires the inclusion of women and minorities in NIH-funded research in 1993 \[[@bib229]\], women remain under-represented in clinical trials \[[@bib230]\]. Even when women are included, data are often not presented based on gender \[[@bib231]\], causing a gap in knowledge about gender disparities in renal disease. The National Institute of Diabetes and Digestive and Kidney Diseases Workshop on "Sex and the Kidneys" have recently highlighted current understanding and research opportunities for the renal research community to advance our understanding of the sex differences in the kidney in clinical, basic and translational research \[[@bib232]\]. Better understanding the contribution of the sex to renal function in basic science research will guide future clinical research to study gender-related differences in kidney disease pathophysiology.

As a result of the current review, it is clear that the crosstalk between the sex steroids and redox homeostasis in the development and progression of renal pathologies needs to be further investigated. Future studies of the mechanisms underlying male-female differences in renal disease will reveal potential therapeutic targets and facilitate the development of therapies that are tailored based on the gender and the hormonal status of patients.
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